Strong quantum-confined Stark effect of vertically-stacked quantum dots (VSQDs) is observed by electroabsorption spectroscopy at room temperature. Contrary to single-layer QDs, the VSQDs show a large red shift of 9.4 meV with electric-field change of 60 kV/cm.
Introduction
Recently, self-assembled quantum dots (QDs) grown by the Stranski-Krastanov method have been studied extensively for optoelectronic applications. 1, 2) Although the filling factor of QDs is much smaller than that of quantum wells (QWs), the QD medium is proven to be very promising for laser diodes owing to its large excitonic oscillator strength.
3) Another application of the QDs could be found in electro-optic devices utilizing quantum-confined Stark effect (QCSE). [4] [5] [6] [7] Raymond et al. investigated the QCSE of single QDs by a low-temperature micro-photoluminescence experiment and reported asymmetric Stark shifts with applied bias. 7) However, the amount of the Stark shift was −1.6 meV at −60 kV/cm which is 5 or 10 times smaller than that of a quantum wire 8) or a quantum well, 9) respectively. The main reason for the small Stark shift comes from the fact that the shift strongly depends on the length of a quantum confinement structure along the electric field and that the height of a QD is usually much smaller than those of quantum wells or quantum wires.
It is reported that when many layers of QDs are deposited under appropriate growth conditions, the QDs develop in self-aligned columns where the electronic coupling between the QDs is possible. [10] [11] [12] [13] For these vertically-stacked QDs (VSQDs), the QCSE could be enhanced because of the electronic coupling.
In this paper, we report strong QCSE of VSQDs measured by electroabsorption (EA) spectroscopy. Although the absorption α of the QDs are too small to be readily measured, the modulation method eliminates experimental noises and clearly reveals the change of the QD absorption α according to external electric field.
Vertically-Stacked QD Sample
The VSQD wafer is grown by molecular beam epitaxy (MBE).
14) On n-type (100) GaAs substrate, an n-type GaAs buffer layer is grown at 600
• C. Then, the temperature is lowered to 500
• C and 20 nm of GaAs, VSQD layers, and 250 nm of GaAs are deposited in sequence without any doping. The VSQD region consists of 10 stacks of InAs QDs with 6-nm GaAs barriers. Nominal thickness of the InAs QD is 2.3 ML, and the interruption time is 10 s. By a transmission electron microscope (TEM), the stacking of QDs is verified and the average diameter and height of QDs are determined to be 20 nm and 4 nm, respectively. The QD density of 10 11 cm −2 is measured by an atomic force microscope (AFM). 14) To measure the photoluminescence (PL), Ar laser beam is focused onto the wafer by a 10× objective lens and the emitted luminescence is detected by a Si optical multichannel analyzer (OMA). At low temperature (T < 150 K), the wafer exhibits efficient QD luminescence even with very small pumping (<0.01 mW). As the pumping increases, the PL curve shows two peaks as shown in Fig. 1 at 1 .323 eV and 1.384 eV. These peaks are more easily resolved at higher temperatures around 120 K to 230 K, and even at room temperature they are discernible at 1.268 eV and 1.326 eV.
Measurement and Analysis
To measure the QCSE, large-signal modulation of the EA spectroscopy is applied to the VSQDs by periodic square reverse bias using a transparent electrode, and the resultant absorption change of QDs is detected by the lock-in method. To apply electric field through the VSQD layers, a transparent ZnO film is grown on the wafer by metal-organic chemical vapor deposition (inset of Fig. 1 ). Then, 150 µm × 400 µm mesa is formed by dry etching down to the n-substrate, and Au and AuGe/Ni contact metals are evaporated on the ZnO and the n-GaAs, respectively. Finally, Ohmic contacts are realized by rapid thermal annealing (RTA) at 465 • C. This mesa structure shows a forward turn-on voltage of +0.7 V and a reverse breakdown voltage of −9 V. For transmission measurements, 15) a halogen lamp serves as a light source and the beam is focused to the mesa of the wafer by an objective lens. Another objective lens is used to recollect the transmitted beam to the entrance slit of a monochromator. At the exit slit of the monochromator, an EG&G photodiode with a built-in pre-amplifier monitors the spectrally resolved light. This set-up can detect the absorption change of 10 −5 . All EA measurements are conducted at room temperature.
The spectra of α for various reverse biases are shown in Fig. 2 . Unlike the electroreflectance or photoreflectance spectra of refs. 5 and 6, the EA spectra are quite strong and clear even at room temperature. Each point in the spectra is obtained by averaging the lock-in signals for 20 s, and the error is less than 2% of its magnitude. These curves are to be interpreted as the difference ( α) between two Gaussian-like absorption envelopes, i.e. α = α(δ E) − α(0), where δ E, α(δ E), and α(0) are the amount of a Stark shift, the Starkshifted absorption envelope, and the original absorption envelope, respectively. At small biases, the α resembles the first derivative of a Gaussian-like envelope whose zero-crossing point is the center position of the original envelope. In the curve of 0.5 V bias, two zero-crossing points around 1.29 eV and 1.345 eV correspond to the center positions of two absorption envelopes, respectively. Their separation of 55 meV and the energy positions compare well with the measured PL result. The slight disagreement in the energy positions can be ascribed to the local heating effect of the sample and to the van Roosbroeck-Shockley effect. 16) As we increase the bias, noticeable Franz-Keldysh effect of bulk GaAs is also observed as the large red-shifted tail around 1.35 eV. However, this tail by bulk GaAs is found to be negligible in the spectral region of the ground-state envelope at 1.29 eV. Thus, we will concentrate on the QD ground-state envelope under biases less than 5 V.
At low biases (<2 V), the α spectra do not show appreciable Stark shifts and increase linearly in amplitude (Fig. 2(a) ). However, as the bias increases (Fig. 2(b) ), the α spectra gradually saturate in amplitude and start to red-shift. It is clearly shown in Fig. 2(c) , where the energy position and the amplitude of maximum α near 1.27 eV are depicted for various biases. This behavior is explained by the fact that the α is nearly equal to the derivative of α, i.e. α ≈ (dα/d E)×δ E when the amount of Stark shift (δ E) is much smaller than the half width (w) of Gaussian absorption envelope α. If the center position of the unperturbed envelope α(0) is denoted as E c , the maximum amplitude of α appears not at (E c − δ E) but at (E c − w) where the derivative dα/d E is maximum. Therefore, the position of maximum α is almost independent of δ E until the Stark shift (δ E) becomes comparable with w.
On the other hand, the energy position of maximum α above bias of 2 V in Fig. 2(c) faithfully reflects the Stark shift of QDs. From the data obtained with 2 V-and 4 V-bias, the Stark shift is −9.4 meV with the electric-field change of 60 kV/cm. This is comparable to the results of the quantum well or the quantum wire, 8, 9) and 5.8 times larger than that of the single layer QD with similar dimensions. 7) To quantify the Stark shifts under small biases, data analyses using slightly asymmetric Gaussian functions are performed. 17) Only the ground-state envelope is considered where the effect of bulk GaAs is negligible. The unperturbed total absorption α(0) of 0.494 ± 0.005% is obtained through the fitting analyses. To crosscheck this result, an absorption spectrum of the QDs is directly measured by the OMA in a transmission set-up. Although the exact shape and position of α(0) are hard to be clearly discerned, the total absorption of QDs is found to be smaller than 0.6 ± 0.1%, and the above result of 0.494% compares reasonably with this direct measurement. The Stark shifts estimated by the analyses are shown in Fig. 3 . The increment of the shifts above the bias of 2 V coincides with the measured values shown in Fig. 2(c) , and thus a shift of −17 meV is expected at 4 V (=120 kV/cm). 
Conclusion
Strong quantum-confined Stark effect of vertically-stacked QDs is observed by modulation spectroscopy at room temperature. Unambiguous electroabsorption spectra are obtained and the red shift of 9.4 meV is measured with the field change of 60 kV/cm. The vertically-stacked QDs are promising for electro-optic applications due to their large excitonic oscillator strength and the enhanced Stark shift.
